Abstract. Zirconolite, allanite and hoegbomite are present as accessory phases in a metasomatically altered spinel-calcite-marble from the contact with the Bergell intrusives (Switzerland/Italy). Textural relationships indicate a stepwise alteration of spinel to 1) hoegbomite or corundum + magnetite, 2) margarite and 3) chlorite. Replacement of spinel by hoegbomite can be described by the substitution 1.94(M g2 + F e2 + z n 2 + m n 2+ ca2+),,T•4+ + 0.12(OH ) where Al' and Fe' are held constant. The average composition of the Bergell hoegbomites is given by the formula Fe u 7 Mg0.69 Zn 0.04 Ti 0.17 A1 3.94 F4.+060 7.98( OH )0.02 and seems to be imposed by the composition of pre-existing spinel. During the first two steps of spinel alteration, calcite was replaced by anorthite + phlogopite, and the rare earth element(REE)-bearing minerals zirconolite, allanite and sphene were formed. Allanites have characteristic chondrite-normalized REE patterns with enrichment in the light REE. The zirconolite patterns show a marked increase in concentration from La to Ce, followed by an almost constant section. Sphene lacks detectable La, and its REE patterns vary from grain to grain. Contemporaneous formation of phlogopite, REE-bearing minerals and hoegbomite during replacement of the spinel-calcite-marble indicates that the metamorphic fluid introduced potassium along with REE and other high valence cations (Ti', Zr4+ , U4+, Th', Nb', Y 3+ ) possibly as polynuclear complexes. The abundance of fluorine-bearing phlogopite and fluor-apatite as well as their close association with REE-bearing minerals and hoegbomite suggests F -and P01 -as likely ligands for complexing of the above mentioned elements.
Introduction
Zirconolite, allanite and hoegbomite have been identified as accessory minerals in a metasomatically altered spinelcalcite-marble from the eastern margin of the Tertiary Bergell calc-alkaline intrusives (Switzerland/Italy). The sample was collected from the talus at the south-eastern foot of Cima di Vazzeda (Swiss coordinates: 776.600/131.100). The direct relationship to the plutonic rocks could therefore not be studied in the field. The Cima di Vazzeda is composed of contact metamorphic gneisses and marbles, which belong to the Mesozoic cover of the upper Penninic Suretta nappe (Gierê 1985) and are crosscut by the Bergell granodiorite (Diethelm 1984 , Giere 1984 . Following contact metamorphism, metasomatic processes formed symmetrically zoned reaction veins in the dolomitic marbles (Bucher-Nurminen 1981) .
In this paper the mineralogy and the textural relationships observed in the metasomatically altered spinel-calcitemarble are described. Special attention is drawn to the compositions of zirconolite, allanite and hoegbomite, which have only rarely been reported from limestone skarns. Concentrations of five rare earth elements (REE) and yttrium have been determined by electron microprobe analysis in zirconolite, allanite and sphene. The chondrite-normalized REE patterns of these minerals are presented. Finally, problems concerning the genesis of REE-bearing minerals and phases rich in Ti, Zr, Th and U through metasomatic processes will be discussed.
Zirconolite, zirkelite and polymignyte have often been considered the same mineral. Recently however, Mazzi and Munno (1983) showed that the three phases were polymorphs of the same compound given by the simplified formula CaZrTi 2 O 7 (cf. Coughanour et al. 1955) . Zirconolite is monoclinic (Pyatenko and Pudovkina 1964; Rossell 1980; Gatehouse et al. 1981 ; Sinclair and Eggleton 1982) , while zirkelite is trigonal and polymignyte is orthorhombic (Mazzi and Munno 1983) .
Zirconolite has been reported from a wide variety of terrestrial rocks as well as from lunar samples, and considerable variations in composition have been observed. For simplicity, the name zirconolite is used here to describe all CaZrTi 2 O 7 -compounds referred to. There is much confusion in the literature regarding nomenclature and composition, and most of the zirconolites have not been investigated by X-ray analyses. Zirconolite is a rare mineral on earth. It occurs in mesostasis areas of ultrabasic cumulates (Williams 1978) , in gabbroic pegmatites (Harding et al. 1982) , in sanidinites (Mazzi and Munno 1983) and in carbonatites (Kapustin 1966; Zhuravleva et al. 1976; Sinclair and Eggleton 1982) . The mineral is also known from altered pyroxenites (Hussak and Prior 1897 , Borodin et al. 1956 , 1961 . Semenov et al. (1963) found zirconolite in fenitized country rocks around nepheline syenites, and Zhuravleva et al. (1976) reported an occurrence in metasomatically altered iron ores. Parageneses with jordisite and pyrite in hydrothermal veins have been studied by Rekharskiy and Rekharskaya (1969) . It is also a constituent of heavy mineral sands from Sri Lanka (Blake and Smith 1913) . Recently, an occurrence of zirconolite in marble lenses of the Oetztal, Austria, has been described by Purtscheller and Tessadri (1985) . Zirconolite is a common accessory phase in lunar samples where it crystallized from late-stage, U-enriched liquids in mesostasis areas of mare basalts (Meyer and Boctor 1974, Wark et al. 1974; Lovering and Wark 1974) as well as in feldspathic peridotites and norites (Busche et al. 1972) .
Hoegbomite, a complex Fe-Mg-Al-Ti-oxide, forms a series of polytypes with hexagonal or rhombohedral lattices (McKie 1964) . The mineral was first described by Gavelin (1916) in magmatic titaniferous iron ores where it was considered to be a primary phase. Since its discovery, hoegbomite has been observed in many different rock types. Its close association with green spinel is a common feature of most occurrences. Hoegbomite is a typical constituent of magnetite-spinel-corundum-assemblages in emery deposits (Watson 1925; Gillson and Kania 1930; De Lapparent 1946; Friedman 1952) , where it frequently formed by spinel alteration. It is a common accessory mineral in spinel-cordierite-bearing metapelites (Leake and Skirrow 1960; Evans 1964; Woodford and Wilson 1976; Mancktelow 1981 ; Spry 1982; Angus and Middleton 1985) . In a contact metamorphic, cordierite-free pelitic schist from the eastern Bergell, Giere (1984) found hoegbomite, green spinel, corundum and rutile as inclusions in porphyroblastic andalusite. At Corno di Gesero, Switzerland, hoegbomite associated with green spinel occurs in a hornblende-chlorite-olivine-blackwall (Trommsdorff and Evans 1979) . Hoegbomite-spinelassemblages are further reported from titanomagnetite ores (Zakrzewski 1977) , from pyroxenites (Christophe-Michel- Levy and Sandrea 1953; Coolen 1981 ; Angus and Middleton 1985) and from granulite-facies metagabbros and calcsilicate rocks (Coolen 1981) . Spinel-free parageneses however, have been described by Oenay (1949) in emery deposits, by McKie (1964) in magnesium-rich skarns and by Gillson and Kania (1930), Friedman (1952) , Leake (1965) and Cech et al. (1976) in pelitic rocks.
Allanite, an epidote group mineral rich in REE, is a common accessory phase in granites, granodiorites, monzonites, syenites and pegmatites (see Deer et al. 1962) , and occurs as phenocrysts also in acid volcanic rocks such as rhyolites (Duggan 1976 ) and perlitic obsidian (Brooks et al. 1981) . Further, it is found in schists and gneisses (see Deer et al. 1962) . Allanite as a hydrothermal mineral in rocks from Skye, Scotland, has been described by Exley (1980) , who also observed it as detrital grains in the Torridonian arkoses. Metasomatically formed allanite however, has only rarely been reported : in limestone skarns by Rudashevskiy (1969) and by Pavelescu and Pavelescu (1972) , in regional metamorphic calc-silicate rocks by Sargent (1964) . Allanite occurs also in carbonate veins of the Mountain Pass district, California (Olson et al. 1954 ).
Analytical procedure
Analyses were performed using an automated ARL SEMQ micropobe, operated at an acceleration potential of 15 kV and a sample current of 20 nA (measured on brass), yielding a beam size of 0.2 Jim. Six crystal X-ray spectrometers and an X-ray energy dispersive analyzer (TN 2000 by Tracor Northern) were applied simultaneously. Samples and standards were coated with 200 A of carbon. Minor element standards used for quantitative analyses were synthetic oxides and glasses for REE, Zr, and Th, natural xenotime for Y and natural gahnite for Zn. In REE-bearing minerals relative errors due to counting statistics were reduced by using a data collection time of 100 seconds at each peak (Loc1 for REE). Two positions for background determination, above and below the peaks, were fixed on the basis of wavelength spectra. Detection limits and relative errors (1 sigma) for each REE-mineral are listed in Table 1 . Errors for Gd and Dy might be larger due to intra-REE interferences. Table 2 shows the relative errors (1 sigma) for the analyses of all other minerals. The raw data were corrected on-line for drift, dead-time and background. Full corrections for X-ray absorption, X-ray fluorescence by characteristic and continuous excitation, atomic number effect, backscatter losses and ionisationpenetration losses were applied to the data by a ZAF computer program at the ETH Zurich.
Petrography
The hand-specimen is coarse-grained and massive. Numerous white calcite lenses with a black core are embedded in a dark groundmass consisting of anorthite + phlogopite + relictic calcite (Fig. 1) . The calcite lenses (up to 2 cm in diameter) exhibit a distinct zoning with spinel, hoegbomite, corundum and magnetite in the center, and margarite or chlorite towards the margin. Between the calcite lenses and the groundmass there is either a sharp boundary or a narrow transition zone which, in addition to the matrix minerals, contains apatite and chlorite, the latter replacing phlogopite.
Calcite lenses
Calcite shows a mosaic texture. No dolomite exsolution is visible and the average calcite composition is 98.3 wt% CaCO 3 , 1.27 wt% MgCO 3 , 0.39 wt% FeCO 3 , 0.03 wt% MnCO3. Spinel is dark green to black in thin section. Some spinels enclose REE-free clinozoisite which differs in composition from the matrix clinozoisite (see below). The Fe 2 0 3 -poor spinel contains up to 5.4 wt% ZnO and lies on the Fe-rich side of the spinelhercynite solid solution series (Table 5 ). Exsolution lamellae of magnetite are present within some grains. Four different replace- products of the zincian spinel can be recognized : 1) zincian hoegbomite, 2) corundum + magnetite, 3) margarite and 4) chlorite. Replacement is evident from the textures : zincian hoegbomite and corundum + magnetite form either rims around or pseudomorphs after spinel ( Fig. 2 a, 2 b) . Spinel possesses dentate grain boundaries to margarite and chlorite (Fig. 2c, 2d ), and thus shows to be overgrown by those minerals. Contrasting that, spinel grain boundaries to calcite are always straight.
Hoegbomite has a distinct yellow-brown to dark brown pleochroism and sometimes shows lamellar twinning. It is always closely associated with green spinel, either as a corona or as tabular crystals along the margins (Fig. 2 a) . The grain boundaries between the two minerals are always sharp. Large, homogeneous hoegbomite crystals usually contain tiny grains of spinel (Fig. 3) . These textures clearly demonstrate that hoegbomite formed at the expense of spinel. Similar replacement textures have been described by Watson (1925) , Friedman (1952) , Woodford and Wilson (1976) and by Zakrzewski (1977) . Hoegbomite is also found at spinel-magnetite grain boundaries (Fig. 2 a) , a feature previously observed by Leake and Skirrow (1960) and Coolen (1981) .
Corundum contains considerable amounts of iron (up to 1 wt% measured as FeO), but no titanium (TiO 2 <0.03 wt%). It is always closely associated with anhedral to vermicular magnetite ( Fig. 2 b,  2d ). This assemblage clearly replaces spinel, forming coronae or pseudomorphs. In the latter, relics of green spinel can often be recognized (Fig. 2b) . From the textural relationships it is not clear Table 4 . Electron microprobe analyses of clinozoisite (tr = concenwas the first stage of spinel alteration. Both reactions seem to tration close to detection limit). Clinozoisite from the matrix surhave occurred contemporaneously.
rounds allanite, clinozoisite from the lenses is enclosed by spinel Margarite is present as brownish flakes which overgrow spinel ( Fig. 2c ) as well as hoegbomite and corundum (Fig. 2d) . Thus, Clinozoisite Clinozoisite formation of margarite post-dates the spinel alterations mentioned from matrix from lenses above. The Ti-bearing margarite with appreciable amounts of Na (6 analyses) (4 analyses) substituting for Ca (up to 1.2 wt% Na 2 0) contains minor quantities of Cl and traces of F (Table 3) . wt% mean s.dev mean s.dev Pale green chlorite of ripidolite composition (Table 3) overgrows spinel (Fig. 2d ), hoegbomite and corundum (Fig. 2 b, 2d) . Al203 27.6 0.5 29.4 0.9 It also replaces margarite which can be observed as relics within TiO2 0.08 0.03 0.03 0.02 large chlorite flakes (Fig. 2b, 2d) 
Matrix
The groundmass around the calcite lenses is characterized by a Numbers of ions on the basis of 8 cations: granoblastic-polygonal texture consisting of fresh anorthite with Al 2.52 2.68 near-endmember composition (Table 3 ) and brownish green phlogTi 0.00 0.00 opite (Fig. 5) . The Ti-bearing phlogopite contains an average of Si 3.02 2.96 0.3 wt% F and minor amounts of Cl (Table 3 ). In the matrix, Mg 0.01 0.09 calcite is found only as interstitial relics (Fig. 5) , while it shows a perfect mosaic texture inside the calcite lenses. Ca 2.01 1.94 M The accessory clinozoisite grains very often possess a brownish F ' 0.00 0.00 0 core of allanite which produces a pleochroic halo in co-existing e 0.45 00 0.33 phlogopite. The clinozoisite rims around allanite arc free of REE. Na 0.00 0.00
They are significantly richer in epidote component than the REE-0.00 K 0.00 0.
free clinozoisite from the calcite lenses (Table 4) , which is enclosed F 0.00 0.00 by spinel and probably represents an earlier generation. The com-0.00 Cl 0.00 position of the allanite cores is given in Table 7 . OH 1.00 1.00
Ilmenite is the main opaque accessory mineral in the rock. Fe/(Fe + Al) 0.15 0.11 It has average MnO-contents of 2.1 wt% and is often rimmed by rutile or sphene. Zircon was also found in the anorthite-phlogopitea total Fe as Fe203 matrix. It is dominantly ZrSiO 4 with small amounts of U, Hf, b REE below microprobe detection limit (see Table 1 ), wt% H20 Y and Dy.
calculated assuming perfect stoichiometry Accessory minerals occurring in the calcite lenses as well as in the groundmass are zirconolite, sphene, pyrite and chalcopyrite. In thin section the large, rounded grains of zirconolite ) (maximum grain size observed is approximately 0.2 mm) are translucent reddish brown and anisotropic, the smaller ones are opaque. In reflected light it is similar to ilmenite. Where the zirconolite crystals are enclosed by phlogopite they are always surrounded by a broad pleochroic halo. Inclusions of zirconolite in phlogopite which has been partially replaced by chlorite show that formation of zirconolite preceeded the final stage of spinel alteration. Baddeleyite, commonly associated with zirconolite (Hussak and Prior 1897; Busche et al. 1972; Meyer and Boctor 1974; Zhuravleva et al. 1976; Williams 1978; Purtscheller and Tessadri 1985) , was not found in the Bergell sample. Sphene is the most important REE-bearing mineral. It is idiomorphic or xenomorphic, and some of the larger grains exhibit lamellar twinning. Pyrite and chalcopyrite are less frequent in the groundmass than in the calcite lenses, where they are associated with magnetite and spinel. Usually chalcopyrite is enclosed by pyrite.
Mineral compositions

Hoegbomite
Electron microprobe analyses of the Bergell hoegbomites show relatively low oxide totals based on Fe total = Fe0 (Table 5). The deviation from 100 wt% does not disappear by 1) The polymorph was not determined by X-ray analysis and the name zirconolite is used here arbitrarily calculating trivalent iron contents according to the simplified hoegbomite formula N/q, ±2xTix1\41+08 proposed by Zakrzewski (1977) . Cr 2 0 3 , V2 0 5 , Ni0 and Si0 2 have not been detected (see Table 5 ). Minor quantities of elements not analyzed might be present, since hoegbomite can contain considerable amounts of Co (Cech et al. 1976) , Sn (Spry 1982) and Ga (Wilson 1977 (Table 5 ). To maintain charge-balance an average of 0.12 OH -must be substituted along with Ti 4+ . Table 5 and Figure 6 show that relative to pre-existing spinel the Bergell hoegbomites are richer in molar FeO, but poorer in molar ZnO. The relative enrichment in iron is consistent with the results from the study of Coolen (1981) . The data for ZnO however, contrast the 1:1 distribution found by Coolen (1981) . With very few exceptions the Mn-and Ca-contents are higher in spinel than in associated hoegbomite. In another marble sample from Cima di Vazzeda, Znfree spinel (ZnO < 0.48 wt%) was altered to Zn-free hoegbomite (Giere 1984) with average cation contents of 5.54 per unit-subcell, showing that the composition of hoegbomite depends on the composition of pre-existing spinel. Similar compositional relationships between spinel and associated hoegbomite have previously been pointed out by Moleva and Myasnikov (1952) , Zakrzewski (1977) and Coolen (1981) .
Rutile and ilmenite are accessory constituents of many hoegbomite-assemblages and have been considered as a possible source for titanium (Christophe-Michel-Levy and Sandrea 1953; Wilson 1977; Teale 1980; Coolen 1981; Essene et al. 1982; Ackermand et al. 1983; Angus and Middleton 1985) .
In the Bergell marble rutile as well as ilmenite occur only in the matrix surrounding the hoegbomite-bearing calcite-lenses. Furthermore, neither sphene nor any other Tibearing minerals have been found as relics within hoegbomite or spinel, which is virtually Ti-free (TiO 2 < 0.03 wt%, see Table 5 ). These observations indicate a metasomatic origin of the titanium required for the production of hoegbomite. Friedman (1952) also explained formation of hoegbomite from spinel by titanium metasomatism.
Zirconolite
The zirconolite composition (Table 6 ) corresponds well to the generalized formula (M i )(MH)(Mm) 2 0 7 , where: Mazzi and Munno 1983) . Although zirconolite was analyzed quantitatively for 15 elements, the oxide totals are relatively low, because the mineral has an extremely complex chemistry containing 30 or more elements with concentrations in excess of 0.1 wt% .
The MI-site is nearly filled up by Ca, REE and Y, suggesting that most of the iron is present as Fe'. Fe-cation equivalents, therefore, have been listed as Fe' in Table 6 . The amounts of Zr4+ and Th 4+ are sufficient to fill completely the M 11 -site. Excess Zr 4+ shares the M ITI-site with Ti4+, 514+, A1 3+ and Fe' (Gatehouse et al. 1981) .
, . The Bergell zirconolites have high Ti/Zr-ratios (Table 6). This could be due to : 1) minor excess Zr 4± , which affects the Ti/Zr-ratio as a function of formation temperature Gatehouse et al. 1981) , 2) absence of Ta 5 and 3) very small contents of Nb 5 . Both, Tay and Nb', can substitute for Ti 4+ in considerable amounts. In carbonatitic environments, zirconolite accommodates up to 2.9 wt% Ta 2 0 5 and 30.2 wt% Nb 2 0 5 into its structure (Zhuravleva et al. 1976 ).
U has not been determined quantitatively, but its presence was revealed by wavelength spectrum analysis. Together with U, the high Th-concentrations (Table 6 ) account for the zirconolite radioactivity which causes broad, intensely pleochroic haloes in surrounding phlogopite.
REE are present in concentrations up to 3.25 wt% (analysis 3, Table 6 ) with Ce and Nd always being the most abundant constituents (Tables 8 and 9 ). In addition to the REE listed in (Fig. 7) . Zirconolites in altered pyroxenites (Borodin et al. 1956 (Borodin et al. , 1961 exhibit more fractionated patterns with a strong enrichment in the light REE (LREE), particularly in Ce, Nd and Sm. In contrast to that, zirconolites in terrestrial and lunar igneous rocks (Busche et al. 1972; Lovering and Wark 1974; Meyer and Boctor 1974; Wark et al. 1974; Harding et al. 1982) as well as in the Oetztal metacarbonates (Purtscheller and Tessadri 1985) are enriched in the heavier REE. This variation in relative REE contents seems to reflect availability of REE during crystallization in the different (Deer et al. 1962; Dollase 1971) . The Bergell allanites are rich in Zr0 2 (average Zr0 2 = 0.51 wt%, maximum Zr0 2 = 0.58 wt%) and MgO (average MgO = 0.86 wt%, maximum MgO = 1.34 wt%). In addition to the elements listed in Table 7 , traces of Ba, Mn and Sm have been detected by wavelength spectrum analysis. Some allanites contain Dy in concentrations close to microprobe detection limit (see Table 1) . Average REE and Y contents as well as their range are given in Table 8 . Ce is always the most abundant REE, followed by La and Nd. The values of relative REE and Y abundances (Table 9) are very similar to those found in metasomatic allanites from limestone skarns of southern Siberia (Rudashevskiy 1969) and from carbonate veins in the Mountain Pass district, California (Murata et al. 1957) , except that the Bergell allanites are richer in Gd. The chondrite-normalized REE patterns of the Bergell allanites exhibit a strong enrichment in LREE and a characteristically low slope between Nd and Gd (Fig. 7) . Similar LREE fractionation is shown by igneous, metamorphic and hydrothermal allanites (Exley 1980; Brooks et al. 1981; Harding et al. 1982 ; see also Deer et al. 1962) .
Sphene
Electron microprobe analyses of sphene are given in Table 7. All analyzed sphenes are rich in Zr0 2 (average Zr0 2 = 0.50 wt%). Similarly high Zr0 2 -contents are reported by Staatz et al. (1977) for sphenes from a thorite vein in Idaho and from Alaskan syenites.
Sphene has much lower REE and Y contents than the other two REE-minerals (Table 8) , but because it is much more abundant it may contain the major part of the REE in the rock. There is a wide variation in the REE patterns of different grains (Fig. 7) . All analyzed sphenes lack detectable La, a few sphenes however contain La 2 0 3 in concentrations close to microprobe detection limit (e.g. analysis 3, Table 7 ). Fleischer and Altschuler (1969) and Fleischer (1978) showed that the geological environment has an important effect on the relative concentrations of lanthanides and Y in igneous sphene. Sphenes from alkaline and granitic rocks are enriched in LREE (Dodge and Mays 1972; Cullers and Medaris 1977; Staatz et al. 1977; Exley 1980 , Henderson 1980 , while those crystallizing at high pressures in trondhjemites exhibit a strong enrichment in the middle REE (Hellman and Green 1979) . Staatz et al. (1977) reported that sphenes occurring in a thorite vein from Idaho contain practically no LREE, but considerable amounts of Gd, Dy, Er, Yb and Y. By comparison with samples from alkaline rocks they concluded that REE and some minor elements such as Zr and Th are accommodated into the structure without appreciable fractionation. The quantities of REE and Zr then, may reflect availability of those particular elements during formation of sphene in the Bergell marble.
Discussion
The textural relationships indicate replacement of a spinelcalcite-marble by anorthite + phlogopite. Metasomatism is clearly demonstrated by the stepwise alteration of spinel to 1) hoegbomite or corundum + magnetite, 2) margarite and 3) chlorite. The anorthite-phlogopite-matrix formed prior to chloritization, together with zirconolite and probably the other REE-bearing accessory phases allanite and sphene. This implies the introduction of Ti, Zr, REE, Y, Nb, U and Th by the metasomatic fluid during the first two steps of spinel alteration. Mobility of these same elements has been inferred to have occurred under a wide variety of conditions (p, T, fluid composition and salinity) : during allanite formation in limestone skarns (Rudashevskiy 1969; Pavelescu and Pa-velescu 1972) , hedenbergite-ilvaite skarn formation (Salemink 1985) , metasomatic alteration of Ta-bearing iron ores (Zhuravleva et al. 1976) , fenitization of quartzites (Martin et al. 1978) , granite alteration (Alderton et al. 1980 [tourmalinization] ), hydrothermal alteration of tholeiitic flood basalts (Hellman et al. 1979 [Maddina volcanics, Australia] ) and during formation of hydrothermal veins (Rekharskiy and Rekharskaya 1969; Staatz et al. 1977 [thorite vein, Idaho] , Van Wambeke 1977) .
These examples demonstrate that under certain conditions high valence cations such as Ti', Zr 4± , Nb', Ta', U4+ , Th' and \73+ are transported together with REE, suggesting a common transport mechanism (see also Bandurkin 1961) .
In hydrothermal systems REE are assumed to migrate as complexes (e.g. Kosterin 1959; Ganeyev 1962; Mineyev 1963; Balashov and Krigman 1975) . Experimental investigations on water-rich vapors, however, indicate very slight partitioning of REE into the H2 0 vapor relative to silicate minerals and rhyolitic liquid at low total pressures (Cullers et al. 1973; Mysen 1979) . Flynn and Burnham (1978) found that relative to pure water, the presence of Cl -and Fincreased the vapor/silicate-melt partitioning of REE. They showed that while the vapor/melt partition coefficient very much favored the silicate-melt, it increased with increasing vapor chloride molality suggesting the formation of Cl --complexes by the REE under magmatic conditions (granitic melt, T= 800° C, p = 1.25 kb and 4.0 kb). Their results indicated also that CO 2 was not an effective complexing agent for REE at 800° C and 4 kb, in agreement with the study of Zielinski and Frey (1974) . Contrasting that, Wendlandt and Harrison (1979) , working in the system K20-Al203-Si0 2 -0O2 , found the REE to be strongly enriched in the CO 2 vapor relative to the alkalic silicate-melt at low pressures.
The experimental investigations cited above indicate that: 1) a H 2 0-rich fluid probably was unable to transport REE under the p-T-conditions found in the eastern Bergell contact aureole (p = 3 kb, T> 520° C, see Trommsdorff and Evans 1980) and 2) CO 2 probably was not an effective complexing agent, because a CO 2 -rich fluid is unlikely to have been enriched in REE relative to the calc-alkaline melt from which the Bergell intrusives derive.
Cl --complexes are improbable as well, because all the hydrous minerals contain only very small amounts of Cl (max. Cl in apatite is 0.04 wt%, for other minerals see Tables 3, 4 and 7). The close association of fluor-apatite (F= 2.1 to 2.7 wt%) with hoegbomite, as well as the contemporaneous formation of abundant F --bearing phlogopite (F= 0.3 wt%) and REE-bearing minerals suggest that F -was the most likely ligand. The possibility of complexing REE and other high valence cations with fluorine under hydrothermal conditions was previously pointed out by Bandurkin (1961) , Mineyev (1963) , Balashov and Krigman (1975) and by Alderton et al. (1980) . The examples mentioned above show also, that in many cases potassium as well as phosphorus are transported along with high valence cations and REE, suggesting two additional transport mechanisms, possibly effective in hydrothermal systems:
1. Potassium might form polynuclear complexes with the high valence cations and/or the REE in a similar way as demonstrated for Al' and Si' by Anderson and Burnham (1983) in their study on feldspar solubility.
2. Phosphorus might form POI --complexes with the high valence cations and/or the REE (see also Mineyev 1963; Kapustin 1966) .
The possibility of transporting REE and other high valence cations as K +-or P01 --complexes is supported by petrographic observations at different localities: in the Bergell marble zirconolite, and probably allanite and sphene also, formed contemporaneously with the anorthite-phlogopite-matrix ; further, fluor-apatite is usually idiomorphic and closely associated with hoegbomite. Fenitization of country rocks around nepheline syenites of the Lovozero massif, Kola peninsula, caused formation of zirkelite, rosenbuschite and sphene in association with biotite and apatite (Semenov et al. 1963) . In metasomatic tetraphlogopite-calcite-rocks, Zhuravleva et al. (1976) found hatchettolite, pyrochlore, zirkelite and baddeleyite always in contact with apatite. Moleva and Myasnikov (1952) described zincian hoegbomite-gahnite-apatite-assemblages from veins in a chlorite rock. In contact metamorphic dolomitic marbles of the eastern Bergell, fluorine-bearing titanian clinohumite is usually associated with idiomorphic fluor-apatite (Giere, in prep.) . In the Malenco serpentinites, northern Italy, Trommsdorff and Evans (1980) described veins containing titanian hydroxyl-clinohumite, perovskite and hydroxyl-apatite.
In these assemblages the formation of minerals which incorporate REE and the other high valence cations might have been caused by crystallization of phlogopite and/or apatite. This hypothesis could explain also the apatite inclusions in the Bergell hoegbomite (Fig. 4) .
The veins from Val Malenco however, demonstrate that the transport of titanium is not restricted to fluids rich in potassium or fluorine.
Furthermore, Mineyev (1963) found no significant correlation between K 2 0 and REE in metasomatic rocks associated with albite-riebeckite-granites from Kasakhstan, but a direct linear correlation between Na 2 O, F and yttrian earths, which he explained by formation of polynuclear complexes of the NaYF6-type.
Conclusions
The following conclusions can be drawn from this study:
1. At the contact to the Bergell calc-alkaline intrusives, a spinel-calcite-marble has been partially replaced by anorthite + phlogopite. Spinel was metasomatically altered in three subsequent steps to 1) hoegbomite or corundum + magnetite, 2) margarite and 3) chlorite. Replacement of spinel by hoegbomite can be described by the substitution 1.94(M g 2+ , Fe e +, z n 2+ , mn2+, Ca t +) ,="Ti 4+ + 0.12(OH -).
The hoegbomite composition is dependant on the composition of pre-existing spinel.
2. The anorthite-phlogopite-matrix formed prior to chloritization, at the same time as zirconolite and probably allanite and sphene. Potassium thus was introduced into the marble along with REE and other high valence cations possibly as polynuclear complexes. The most likely ligands are F -and P01 -, as indicated by the presence of abundant fluorine-bearing phlogopite and fluor-apatite. Crystallization of apatite and phlogopite might have caused formation of hoegbomite, zirconolite, allanite and sphene.
3. Allanite exhibits typical REE patterns with enrichment in the LREE. The REE-concentrations in zirconolite and sphene seem to reflect availability of a specific REE during their formation.
